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Abstract. We study THz-driven spin dynamics in thin CoPt films with
perpendicular magnetic anisotropy. Femtosecond magneto-optical Kerr effect
measurements show that demagnetization amplitude of about 1% can be achieved
with a peak THz electric field of 300 kV/cm, and a corresponding peak magnetic
field of 0.1 T. The effect is more than an order of magnitude larger than observed
in samples with easy-plane anisotropy irradiated with the same field strength. We
also utilize finite-element simulations to design a meta-material structure that can
enhance the THz magnetic field by more than an order of magnitude, over an area
of several tens of square micrometers. Magnetic fields exceeding 1 Tesla, generated
in such meta-materials with the available laser-based THz sources, are expected
to produce full magnetization reversal via ultrafast ballistic precession driven by
the THz radiation. Our results demonstrate the possibility of table-top ultrafast
magnetization reversal induced by THz radiation.
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1. Introduction
The pioneering observation of ultrafast demagneti-
zation induced in thin films by femtosecond laser
pulses [1] has ushered in the field of ultrafast mag-
netism. However, despite the ongoing intense experi-
mental and theoretical research [2, 3, 4, 5, 6, 3, 7, 8, 5,
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24],
fundamental microscopic understanding of ultrafast
demagnetization is still lacking. Most importantly, the
mechanism responsible for the fast dissipation of spin
angular momentum, which is necessarily involved in
the demagnetization process, has not yet been estab-
lished. The problem in identifying this mechanism
is associated mostly with the difficulty of modeling
the non-equilibrium states created by the femtosecond
pulses of near-infrared (NIR) radiation typically uti-
lized to induce ultrafast demagnetization.
Intense terahertz (THz) radiation was recently
shown to provide an alternative approach to inducing
ultrafast demagnetization in thin metallic films [25,
26, 27]. There are several substantial differences
between the NIR and the THz regimes. In the NIR-
induced demagnetization, the electronic temperature
rises above 1000 K [28], and the subsequent cooling
of the electron gas dominates over the individual
scattering events [25]. In contrast, in the THz-induced
demagnetization, the electronic temperature is only
slightly increased, so the individual electron scattering
events become more important for the subsequent
relaxation. In particular, it was shown that the time
scale for the inelastic spin scattering is by an order of
magnitude shorter in the THz regime than in the NIR
regime [25]. It was also shown that the crystalline
order of the magnetic material determines the inelastic
spin scattering rate in the THz regime, while it is not
important fo the spin relaxation in the NIR-regime [25].
Finally, the large-amplitude magnetic field produced
by the THz radiation in metallic ferromagnets can
induce coherent magnetization precession. However,
this effect has only been demonstrated in the low-
amplitude limit only on a few magnetic materials, all
with easy-plane magnetic anisotropy [25, 26, 27, 29].
In this article, we present measurements and
analysis of the effects of THz radiation on thin metallic
films with perpendicular magnetic anisotropy (PMA).
Ferromagnetic thin films with PMA have been studied
for applications in nanoscale spintronic devices such as
spin-transfer-torque magnetic random access memories
(STT-MRAMs) [30, 31]. All-optical switching of
magnetization was recently demonstrated in CoPt
multilayers with PMA [24]. Here, we experimentally
investigate the ultrafast spin dynamics of a similar
multilayer driven by strong THz radiation. In addition,
we design a meta-material structure that can provide
a strong enhancement of the THz radiation, enabling
generation of sufficiently large magnetic fields to
induce coherent precessional (ballistic) magnetization
reversal [32]. In this regime, the magnetization is
precessionally “dragged” by the magnetic field pulse
across the magnetic energy maximum, subsequently
relaxing to the reversed equilibrium state [33]. The
precessional energy barrier is lowered by the PMA,
reducing the THz field amplitude required for the
ballistic magnetization switching.
2. Sample and experimental geometry
The studied ferromagnetic thin film with perpendicular
magnetic anisotropy (PMA) had the multilayer Ta(4)
/ Pt(5) / Co(1) / Pt(0.5) / Co(1) / Cu(0.4) / Ta(2),
with the thicknesses of layers given in nanometers. The
sample was grown on a 500 µm-thick oxidized silicon
substrate. The schematic of the experimental geometry
is shown in Fig. 1(a). The sample was mounted in an
electromagnet that produced magnetic field of up to
100 mT normal to the film plane.
The strong THz radiation was generated by
optical rectification, in a OH1 [34] crystal (Rainbow
Photonics), of a 60 fs-long, 200 µJ laser pulse centered
at the wavelength of 1300 nm. The optical pulse was
generated via optical parametric amplification from a
50 fs-long, 1 mJ pulse at 800 nm wavelength, produced
by a 1 kHz regenerative amplifier. The amplitude
and the temporal shape of the THz electric field were
characterized by electro-optical (EO) sampling in a
100 µm-thick GaP crystal (not shown). The maximum
peak electric field reach approximately 300 kV/cm, and
the corresponding peak magnetic field reached about
100 mT in our measurements, as was calculated using
Eq. (1) in Ref. [35]. The Fourier spectrum of the THz
pulses gives the FWHM bandwidth of approximately
1.5 THz, with a 1.4 THz center frequency, as shown in
1(c).
The ultrafast spin dynamics in CoPt was driven
by the intense THz pulse incident normal to the
films surface, as schematically shown in Fig. 1(b).
A small fraction of the NIR laser light from the
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Figure 1. (a) Schematic of the THz pump-800 nm probe setup. The electromagnet is capable of three-dimensional rotation of
the static magnetic field. (b) Schematic of the sample and the measurement geometry: The magnetization M is aligned by the
static magnetic field Hb applied perpendicular to film plane. Both the electric and the magnetic field components of the normally
incident THz radiation are in the film plane, perpendicular to M. (c) Frequency spectrum of the THz fields used in our experiments,
calculated as the Fourier transform of the electro-optical sampling signal from GaP.
regenerative amplifier was used to stroboscopically
probe the magnetization dynamics, by utilizing the
femtosecond magneto-optical Kerr effect (MOKE).
The probe pulse delay, relative to the pump pulse, was
controlled with a motorized delay stage.
3. Spin dynamics in CoPt films with PMA
Fig. 2(a) shows the time-dependent MOKE signal
from the CoPt film at the largest THz fields. The
signal rapidly increases over the THz pulse duration
of about 0.7 ps, and subsequently slowly decays. This
dependence is reversed when the direction of the static
magnetic field |Hb| = 80 mT is reversed, confirming
its magnetic origin. The observed time-dependent
MOKE signal can therefore be identified as ultrafast
demagnetization. A curve in Fig. 2(a) shows the THz
energy deposited in the sample, calculated as he time-
integral of the THz field measured independently by
the EO sampling. The two-step structure, observed
in the initial rapid increase of the MOKE signal, is
well-reproduced by the step structure of the deposited
THz energy, in agreement with the previous work [25].
In that work, the two-step structure was not as well
resolved, due to the lower temporal resolution of
100 fs. The higher temporal resolution (approximately
50 fs) of our measurement clearly resolves this two-step
structure, and confirms that the spin-lattice scattering
occurs on the same time scale of ≈ 30 fs as the
spin-conserving electronic scattering, as was originally
demonstrated in Ref. [25]. Figure 2(b) shows that
the demagnetization amplitude is proportional to the
square of THz field amplitude, also in agreement with
the previous work.
In contrast to Ref. [25], in this experiment we
could not resolve the coherent response caused by
the torque exerted on the magnetization by the
magnetic field of the THz radiation. This can be
explained by considering the difference between the
two geometries: in an in-plane magnetized sample,
where the magnetization lies at a polar angle θ0 ≈ 0
before the arrival of the THz pulse, the polar MOKE
signal probing the out-of-plane component of the
magnetization varies as sin θ ∼ θ for small deviations
from equilibrium. In contrast, for the perpendicularly
magnetized sample studied in our experiment (θ0 ≈
90 deg), at small variations of the magnetization
angle induced by the THz pulse, the polar MOKE
THz-driven demagnetization with Perpendicular Magnetic Anisotropy: Towards ultrafast ballistic switching 4
Figure 2. (a) Symbols connected by lines: Time-resolved polar MOKE signal, measured using the CoPt film described in the text,
for two opposite directions of the static field normal to the film. The signal is normalized to the amplitude of the static MOKE
signal. The THz pulse that excites the film arrives at time 0 ps. Curve: the calculated energy deposited by the THz radiation. (b)
(Symbols) Maximum measured demagnetization as a function of THz magnetic field amplitude. The solid line shows the quadratic
dependence.
signal remains close to its maximum value, and varies
as ∼ (θ − θ0)2. We note that the incoherent
(demagnetization) and coherent (precession) effects of
the THz field are generally expected to always coexist,
but the geometry of the measurement must be specially
tailored to disentangle these two contributions.
In Fig. 3, we compare the static magnetic
hysteresis loop of the CoPt film, measured without
Figure 3. Normalized magnetization loops measured by
polar MOKE signal, measured using the CoPt film described
in the text. The black curves show the magnetization loop
obtained without the THz field, while the blue lines show the
differential magnetization loop obtained with the THz field, at
the delay 0.7 ps corresponding to the maximum THZ-induced
demagnetization.
the THz radiation (black curve), with the hysteresis
loop acquired at the probe delay of 0.7 ps after
the THz pulse, when the film exhibits the largest
demagnetization (see Fig. 2(a)). The coercivity of the
film is approximately 20 mT in both measurements,
unaffected by the THz excitation, indicating that the
effects of heating are not important.
As evidenced from Figs. 2(a) and 3, the maximum
observed demagnetization is greater than 1% for the
studied CoPt film with PMA. This is remarkable, as
the demagnetization is an order of magnitude larger
than in the previously studied CoFeB films with
easy-plane anisotropy, at similar THz fields strength.
We note that this observation is consistent with the
previously suggested model of defect-driven spin-lattice
scattering as the driving force behind THz-induced
ultrafast demagnetization. Indeed, the ultrathin Pt
layers in the CoPt multilayer likely act as efficient
scatters characterized by a large spin-orbit interaction,
resulting in a much higher spin-flip rate of electrons in
CoPt than in CoFeB. We leave more detailed analysis
of this observation to future studies.
For the rest of this work, we are only interested
in the fact that CoPt, one of the few materials
where all-optical magnetization switching in the NIR
has been demonstrated [24], also exhibits enhanced
THz-driven ultrafast demagnetization. To become
relevant to the magnetization switching, the effects of
the electromagnetic field need to be further enhanced
by two orders of magnitude. Here, we propose a
two-fold strategy. First, one can use larger THz
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Figure 4. (a) Schematic of the unit cell of the studied meta-material. The parameters are Px=60 µm, Py = 52 µm, Din = 14
µm, Dout = 20 µm, L = 16 µm and g = 3 µm, following the nomenclature described in the text, (b) Transmittance, absorption and
reflectance of the THz MM structure in the frequency range of 0.1− 2.5 THz.
fields. A three-fold increase from 300 kV/cm to 1
MV/cm (achievable with the present-day lasers and
demonstrated in several laboratories), would already
lead to the 9 times larger demagnetization, exceeding
10% in total. Second, one can design THz meta-
materials to achieve near-field enhancement of the
THz radiation by another order of magnitude. In the
next section, we propose a design of the meta-material
structure that can accomplish this goal.
4. THz meta-material structure
Metamaterials (MMs) are commonly formed by sub-
wavelength conductive elements patterned in a periodic
fashion, and usually deposited on a dielectric substrate.
They can be used to tailor the electromagnetic
response that cannot be realized in naturally occurring
materials [36, 37]. The structure can be either resonant
or non-resonant [36, 38], and the resonance frequency
can be optimized by modifying the structure and
the geometry of the MM. Here, we have numerically
studied the local THz electric and magnetic field
enhancement in a resonant MM structure using the
finite-element method implemented in the COMSOL
Multiphysics software.
The unit cell of the studied THz MM structure
consists of a 200 nm-thick gold Au split-ring-
resonator, on top of a 30 µm-thick glass substrate, as
schematically shown in Fig. 4(a). The structure also
includes air blocks with thickness λ - the wavelength
of the corresponding THz radiation - on top of
the gold structure and at the bottom of the glass
substrate. Additionally, to avoid spurious reflections of
the electromagnetic waves, we have included perfectly
matched layers with thickness λ/5 at the top and
the bottom boundaries of the simulation region. Two
identical ports are used at the end of each air block, one
to launch the THz plane wave, the other to measure
the THz radiation transmitted through the structure.
The length (Px) and width (Py) of the unit cell are 60
µm and 52 µm, respectively. The inner diameter Din of
the Au ring resonator is 14 µm, and its outer diameter
Dout is 20 µm. A 15-degree cutout in the resonator
ring is designed to produce the split-ring structure.
An arm with the length L = 16 µm and width g =
(Dout − Din)/2 = 3 µm, is added to the Au split-
ring to introduce an asymmetry in the structure, such
that the magnetic field of the incident THz radiation,
perpendicular to the arm, can efficiently couple with
the resonator.
The parameters of the resonator were optimized
to obtain the resonant frequency of 1.4 THz, close
to the center frequency of the THz radiation in
our measurements, as shown in Fig. 1(c). To
account for the periodicity of the meta-material,
perfect magnetic conductor (PMC) and perfect electric
conductor (PEC) boundary conditions are applied to
the surfaces perpendicular to the x and y directions,
respectively.
To perform finite-element simulations, tetrahedral
mesh was created with the mesh size of g/5.5 ≈ 0.5
µm and the minimum mesh size of g/15 ≈ 0.2 µm.
The substrate and the air blocks are divided into
tetrahedral meshes with a maximum mesh size of
λ/(20n) ∼ and λ/15, respectively, and the minimum
mesh size fixed at g/5.5 ≈ 0.5 µm. Here, n
is the real refractive index of the substrate. The
metallic Au layer is modeled as a lossy metal with
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Figure 5. Upper panels: enhancement map for (a) THz electric and (b) THz magnetic fields at the MM surface, at 1.4 THz. Lower
panels: enhancement of the THz electric (c) and magnetic (d) fields in the direction lx parallel to the arm (solid line), and the
direction ly perpendicular to the arm (dashed line). The THz radiation, impinging along the normal to the simulation surface, is
linearly polarized, with the electric field directed parallel to the arm, and the magnetic field orthogonal to it.
the frequency independent conductivity of gold, σ =
4.09·107 Sm−1 [39]. Experimentally determined optical
constants are used in modeling the glass substrate [40].
The simulations are performed at frequencies in
the range of 0.1 to 2.5 THz in steps of 0.01 THz. The
transmittance, the reflectance, and the absorption of
the structure all exhibit sharp features near 1.4 THz
due to the presence of the MM structure, as shown in
Fig. 4b. In particular, the absorption exhibits a peak
with the maximum value of ∼ 20%, the reflectance
peaks at ∼ 60%, and the transmittance dips to ∼ 20%
at 1.4 THz. The low transmittance at 1.4 THz provides
a strong indication that the structure should induce
THz field enhancement. Both electric and magnetic
fields of the THz radiation are generally expected to be
locally enhanced. THz-induced ballistic magnetization
reversal requires enhancement of the THz magnetic
field, while the electric field enhancement is likely
unimportant for this process. We achieve this by using
the arm structure in the MM: its coupling with the
incident THz field induces a current that screens its
magnetic field component. This current then flows
through the ring, which in turn results in a strong THz
magnetic field inside the circular area of the structure.
To estimate the enhancement factor, we used the
following approach. In the simulation, the THz electric
and magnetic fields incident on the metamaterial are
taken as reference, and are assumed to be uniform
over the simulation surface. Once the THz electric
and magnetic field values around the metamaterials are
determined, these calculated values are normalized by
the reference fields. The resulting enhancement maps
for the electric and the magnetic fields are the plotted
in Fig. 5.
The enhancement of the THz electric and
magnetic field at 1.4 THz is shown in Fig. 5(a) and
(b), respectively. The THz magnetic field is strongly
enhanced close to the Au ring, and most significantly
adjacent to the inner edge of the ring. The field
enhancement exhibits relatively minor variations over
the entire inner region of the MM structure with
approximately 100 µm2 area, and very uniform over
the area in the center of a few micrometers squared.
Figures 5(c) and 5(d) show the cross-sections indicated
in the maps by lines lx and ly, respectively. These
cross-sections clearly show that inside the circular
region, the THz magnetic field is almost uniformly
enhanced by approximately a factor of 13, compared
to the incident field. The THz electric field is also
enhanced, on average by less than a factor of 2, and it
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is not as uniform. For metallic structures that could
be placed within the ring, the THz electric field is
not important, as it is screened very efficiently at the
surface of the conductor.
This MM structure can therefore provide local
THz magnetic fields with the magnitude exceeding 1 T,
using the free-space THz field pf 100 mT utilized in
this work to demagnetize the CoPt films. For free-
space THz fields of the order of 0.3 − 0.6 T recently
demonstrated by several groups, local THz magnetic
fields approaching 10 T should be achievable with this
MM structure. In both cases, full demagnetization of
a micro- or nanometer-scale patterned sample enclosed
in the meta-material become possible, thanks to the
quadratic dependence of the demagnetization on the
THz field amplitude.
As noted above, one of the distinguishing
characteristics of the THz radiation, compared to
the NIR radiation, is that it can drive substantial
magnetization precession via the torque induced by
its magnetic field component. This could open
up for the realization, in a table-top experiment,
of ultrafast precessional (ballistic) magnetization
switching, which is believed to provide the fastest
possible magnetization reversal [41]. The feasibility
of the ballistic magnetization reversal by the THz
radiation has been demonstrated with THz magnetic
fields of the order of 1 T generated by a relativistic
electron beam in a two-mile long linear accelerator [41,
42], in a PMA sample similar to the one investigated
here. However, because of the complexity associated
with such a large-scale experiment, direct real-time
observation of such ballistic switching has not yet been
achieved. By producing similar magnitudes of the
THz fields with a combination of laser-based setup
and meta-materials, time-resolved investigations of the
THz-induced magnetization reversal with femtosecond
resolution may now become possible.
5. Conclusion
We utilized the femtosecond magneto-optical Kerr
effect to probe the ultrafast spin dynamics induced
by strong THz fields in a CoPt multilayer thin
film with perpendicular magnetic anisotropy. We
observed a ten-fold increase in the demagnetization
amplitude, as compared to the samples with easy-
plane anisotropy at the same THz field strength. In
addition, we have utilized the finite-element method to
numerically calculate the enhancement of the magnetic
field of the THz radiation in a modified split-ring-
resonator meta-material structure. We found that
the enhancement is greater than a factor of 10, and
is uniform over an area of the order of 100 µm2.
We predict that the strong THz radiation enhanced
by such a meta-material structure can be sufficient
to induce ballistic magnetization reversal in magnetic
films with perpendicular magnetic anisotropy, where
the anisotropy barrier for the ballistic switching is
lower than in films with in-plane anisotropy. While the
regime of large THz fields is still largely unexplored,
we can generally expect a substantial precessional
character for such reversal, due to the torque exerted
by the THz magnetic field on the magnetization.
This regime is qualitatively different from NIR-induced
all-optical switching, and can lead to the table-
top observation of ultrafast ballistic magnetization
switching, which is predicted to be the fastest possible
magnetization reversal mechanism.
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